lated Gram-positive bacteria and to recognize a wide variety of ligands, such as acetylated compounds, lipoteichoic acid, 1,3-␤ -D-glucan, and the capsular polysaccharide of type III group B streptococci [7] [8] [9] [10] . H-ficolin was shown to specifically bind to Aerococcus viridans and to a polysaccharide derived from this bacterium [11] , and recent data provide evidence for its ability to recognize acetyl groups such as those of acetylated BSA [12] . Recombinant M-ficolin exhibits a binding specificity for acetylated carbohydrates such as GlcNAc, GalNAc and sialyl-N-acetyllactosamine [13, 14] . Binding to Escherichia coli , the smooth type strain of Salmonella typhimurium , and Staphylococcus aureus has also been reported [15] .
From a structural point of view, ficolins are assembled from basal homotrimeric subunits comprising a collagen-like triple helix and a globular recognition domain composed of 3 fibrinogen-like domains ( fig. 1 a, c) . Two cysteines at the N-terminal end of the polypeptide chains form interchain disulfide bonds that mediate assembly into higher oligomeric structures ( fig. 1 a, c, e). Like mannan-binding lectin (MBL), ficolins are able to trigger the complement cascade through activation of the associated protease MASP-2 [16, 17] . The MASP interaction site within the collagen-like regions of human MBL and ficolins has been recently mapped to a short sequence stretch centered on a conserved lysine residue ( fig. 1 a, c) [12, 18] . Binding of the collectin receptor calreticulin competes for the same site on the collagen stalks [12, 18] . This interaction with a receptor likely plays a role in the clearance of pathogens and cell debris. Two other MBL/ficolin-associated proteases, MASP-1 and MASP-3, have been described [19, 20] , as well as a truncated form of MASP-2, termed MAp19 or sMAp [21, 22] . These pro- teins also bind to the same site on the collagen stalks but their function remains elusive.
As described for MBL, oligomerization of ficolins through their collagen-like regions plays a crucial role in their binding to carbohydrate or acetylated patterns. As illustrated in figure 1 d-f , interaction of the isolated trimeric recognition domain of L-ficolin with immobilized acetylated BSA is characterized by a high dissociation rate whereas the full-length oligomeric protein forms a very stable complex because of its multivalent binding avidity ( fig. 1 f) . This review will focus on the structure and recognition properties of the 3 human ficolins, as revealed by recent crystallographic analysis of their recognition domains.
Conserved Overall Trimeric Structure
The fibrinogen-like recognition domains of human L-, H-and M-ficolins have been produced recombinantly using baculovirus/insect cells or yeast expression systems, and their 3-dimensional structures have been solved by X-ray crystallography at resolutions of 1.5-1.9 Å [23] [24] [25] . As expected from the trimeric nature of ficolins, these domains were found to form homotrimers in each case.
As illustrated for M-and L-ficolins ( fig. 2 a, c) , the protomers associate as 3-lobed clover-like structures with pseudo-3-fold symmetry. The assemblies feature a small central hole and are rather open, the outer part of the protomers being separated by clefts. The N-terminal ends of the 3 protomers emerge at the base of the trimers, consistent with the fact that they are normally connected to a collagen-like triple helix in the intact proteins ( fig. 1 c, e).
The protomers have an ellipsoidal structure similar to that of tachylectin 5A (TL5A) [26] , featuring the 3 domains A, B and P originally described for this protein ( fig. 1 b) . The N-terminal A domain contains an extra disulfide bridge not present in TL5A. The larger domain B, comprising a 7-stranded anti-parallel ␤ -sheet and 2 ␣ -helices, is clamped between domains A and P. Each P domain contains a Ca 2+ binding site located in the most external part of the trimers ( fig. 2 a, c) , and coordination of the Ca 2+ ion in each ficolin involves residues strictly homologous to those described in TL5A (Asp 233 , Asp 235 , Ser 237 and Ser 239 in M-ficolin). The 3 ficolins exhibit highly similar overall protomer structures, with a root mean square deviation of 0.5 Å between L-and M-ficolins, based on 211 C ␣ atoms.
The interprotomer interfaces involve homologous residues mainly contributed by domain A on one side and domain B on the other [see 23 for more details]. These provide a conserved interaction framework consisting of hydrogen bonds, a salt bridge, and hydrophobic interactions. The total buried surface at the 3 interfaces is approximately 2,900 Å 2 , a value that reflects a semi-open structure intermediate between the compact assembly seen in complement protein C1q [27] and the widely open structure of the carbohydrate recognition domain of MBL [28] . An interesting feature of L-ficolin is the subtle variability of the angle between the A, B and C protomers, arising from the implication of a variable number of hydrophobic contacts. This remarkable plasticity of the interprotomer interfaces may be relevant to the recognition function of L-ficolin.
Single Conserved External Binding Site in H-and M-Ficolins
A single ligand binding site was identified in H-and M-ficolins [23] [24] . It is located on the external part of the trimer, in the vicinity of the Ca 2+ binding site ( fig. 1 c, 2 a) . This site is referred to as S1, because it is homologous to the one previously described for TL5A [26] . In M-ficolin, GlcNAc, GalNAc and Neu5Ac were bound in S1 mainly through their N-acetyl moiety. This selective binding specificity for the N-acetyl group was also observed in TL5A. Comparison of the different ligands bound to Mficolin and TL5A reveals a common scheme for stabilization of the N-acetyl group ( fig. 2 b) . The nitrogen is bound to a conserved tyrosine (Tyr271), and the oxygen is bound to 2 adjacent main chain nitrogens (contributed by Cys254 and His255), maintained in this particular orientation through the unusual cis conformation of the cysteine. Finally, the methyl group is inserted into a conserved hydrophobic and aromatic pocket. Besides this common framework, additional interactions stabilize the diverse ligands [see 24 for more details]. In the case of H-ficolin, the homologous S1 site has been significantly modified, altering its overall shape and thereby its fine specificity [23] . For example, only D-fucose and galactose were found to bind to H-ficolin, but not the M-ficolin ligands [see 23 for more details].
M-ficolin Is a Sensor of Sialic Acid and Subject to pH-Dependent Regulation
M-ficolin and its rat counterpart ficolin B can bind Neu5Ac, a property which is not shared by the other ficolins. This is quite intriguing, since sialic acid is usually considered as a hallmark of 'self'. Again, this ligand is bound through its N-acetyl group, as described above. However, some residues in the vicinity of S1 are replaced by amino acids with a shorter side chain (Gly221, Ala256), likely accounting for this uncommon property to accommodate such a large ligand [24] .
The S1 site in M-ficolin is completely dislocated at pH 5.6. The transition to acidic pH induces the concerted displacement of 4 surface loops, resulting in significant displacements ( 1 10 Å) of the residues defining S1; moreover, the Asp253-Cys254 bond goes from the cis -conformation required for proper ligand binding [24, 25] to an inactive trans-conformation. This suggests that the binding properties of M-ficolin can be regulated by the local pH. We have investigated the X-ray structures of H-and L-ficolins at acidic pH and did not find any such conformational modification (data not shown). In M-ficolin, 3 histidines H222, H255 and H268 are likely to play a role in the pH-dependent conformational transition. Indeed, these residues mediate stabilizing interactions at neutral pH which are lost at acidic pH [25] , and their mutation to alanine profoundly affects GlcNAc binding [29] .
L-ficolin Uses a Unique Extended Recognition Surface to Sense Various Acetylated and Neutral Carbohydrates in Large Polysaccharides
Because of its broader binding specificity, a wider range of ligands was used in the study of L-ficolin, including acetylated compounds and neutral carbohydrates [23] . However, we did not observe additional electron density corresponding to the studied ligands inside S1. One explanation for this discrepancy is that the S1 tyrosine residue that is involved in the common N-acetyl group stabilization scheme described above, is replaced by a phenylalanine in L-ficolin. Quite unexpectedly, we observed that the ligands were mainly bound to hitherto unidentified sites that we named S2, S3 and S4 ( fig. 2 c) . Thus, GlcNAc, CysNAc and galactose were found to bind in the highly polar S2 cavity, various N-acetylated compounds bound in S3, whereas the more extended ␤ -Dglucan molecule was bound along the external sites S3 and S4. Together, these novel sites define a unique extended recognition surface.
During these studies, we have observed different levels of map quality for the extra experimental electron density corresponding to the ligand. Indeed, these maps are very well defined when the ligand is bound in exactly the same orientation in all molecules, as illustrated in fig-ures 2 b and 3 d. More diffuse maps are obtained when the affinity is lower, because the binding pockets are not fully occupied, or when several possible orientations can be achieved by the ligand, as observed for small acetylated molecules ( fig. 3 b, c) . Increasing the ligand concentration for CysNAc did not improve the quality of the experimental electron density maps but instead has lead to nonspecific binding to different surface areas of L-ficolin, ( fig. 3 a) . In contrast to this apparent lack of specificity for small acetylated ligands, we observed a full set of stabilizing H-bond interactions for a galactose molecule bound in S2 ( fig. 3 d) . Moreover, a specific extended interaction network stabilizes 4 consecutive glucose units of 1-3-␤ -D-glucan at the surface of sites S3 and S4 ( fig. 2 d) . This latter example is interesting because L-ficolin was shown to be the only plasmatic protein able to bind ␤ -D-glucan [9] , a well known pathogen-associated molecular pattern, specifically found at the surface of fungi and also present in zymosan extracts. The extended binding interaction observed in this case strongly suggests that L-ficolin has evolved towards the specific recognition of elongated molecules, as found for example in bacterial capsular polysaccharides.
Concluding Remarks
What have we learned from these structural studies and how does this open the way to new investigations? The 3 human ficolins share a common trimeric assembly and a common use of multivalent binding avidity to surfaces. Highly specific recognition of N-acetyl derivatives is observed in the S1 binding site in M-ficolin, a property that has been conserved through evolution since it is already present in the invertebrate TL5A [26] . Despite these common properties, X-ray structural studies have shown how the 3 human ficolins harbor distinct properties, such as ligand specificity and local flexibility. These observations provide a strong structural basis to understand how proteins with complementary functional spectra can be derived from evolution from a common ancestor.
We have seen how the homologous S1 binding site in H-ficolin has been reshaped, hence altering its recognition spectrum. We have established the structural basis for its distinct specificity towards D-fucose, which is a rare constituent of bacterial polysaccharides, almost exclusively present in LPS O-antigens [30] . This raises the following questions. Are there other H-ficolin physiological targets in addition to A. viridans ? And which are the precise molecular markers recognized by H-ficolin in the polysaccharides of this pathogen and at the surface of apoptotic cells?
L-ficolin shows a broader recognition spectrum, which includes unrelated compounds such as neutral carbohydrates or acetylated compounds. Our studies have revealed in this protein a novel binding area comprising different sub-sites [23] , a finding that reconciles previous observations. Moreover, the restricted plasticity of its inter-protomer interface may help to accommodate its ligands. Altogether, we now better understand how L-ficolin can bind specifically to several complex elongated polysaccharides ( fig. 1 e) , such as zymosan or components of the capsules of type B Streptococci [23] . Careful interpretations of competition experiments should be performed in the case of L-ficolin since we have observed nonspecific binding of small acetylated compounds on its charged extended binding area ( fig. 3 a) . Calcium-dependent binding to some ligands has been reported for L-ficolin [3, 7] . However, in contrast to the known case of MBL calcium-dependent binding, the conserved calcium ions in ficolins do not interact directly with the ligands. Thus, the sensitivity to EDTA in some binding assays likely results from an indirect effect related to a decrease in the structural stabilization of the S1 binding site, which is close to the calcium ion. L-ficolin has been shown to bind apoptotic cells, but the precise molecular target for this binding remains to be identified. Since changes in cell surface glycoconjugates occur during apoptosis, with an increased exposition of ␤ -D-galactose-rich plasma membrane glycoproteins [31] , the newly discovered L-ficolin inner binding site, which specifically binds galactose, could be involved in this process. Binding to sialic acids is a property restricted to human M-ficolin and to its mouse counterpart, and we have identified a set of surface substitutions that may be structurally related to this unique property. This specificity opens new questions since numerous plasma proteins and blood cells surfaces are highly sialylated. Is this the reason why M-ficolin was initially observed at the surface of monocytes? And what is then the function of this protein?
Finally, the binding site in M-ficolin is subject to a pHdependent conformational switch, being dislocated at acidic pH. Comparison of the structures obtained at neutral and acidic pH has allowed the first structural insights into this unique property [24] . Does it play a physiological role in the functional cycle of M-ficolin, including steps in acidic compartments such as phagolysosomes, where ligands could be released? Further investigations at the molecular and cellular levels should provide answers to these questions.
